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Abstract 
 
The structural and electronic recovery pathways of a photoexcited ultrathin VO2 film at 
nanosecond time scales have been studied using time-resolved x-ray diffraction and transient 
optical absorption techniques. The recovery pathways from the tetragonal metallic phase to the 
monoclinic insulating phase are highly dependent on the optical pump fluence. At pump fluences 
higher than the saturation fluence of 14.7 mJ/cm2, we observed a transient structural state with 
lattice parameter larger than that of the tetragonal phase, which is decoupled from the metal-to-
insulator phase transition. Subsequently, the photoexcited VO2 film recovered to the ground state 
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at characteristic times dependent upon the pump fluence, as a result of heat transport from the 
film to the substrate. We present a procedure to measure the time-resolved film temperature by 
correlating photoexcited and temperature-dependent x-ray diffraction measurements. A thermal 
transport model that incorporates changes of the thermal parameters across the phase transition 
reproduces the observed recovery dynamics. The optical excitation and fast recovery of ultrathin 
VO2 films provides a practical method to reversibly switch between the monoclinic insulating 
and tetragonal metallic state at nanosecond time scales. 
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I. Introduction 
Metal-to-insulator phase transitions (MIT) have been one of the central research frontiers in 
condensed matter physics [1–3]. The abrupt change in conductivity across the transition 
originates from strongly correlated interactions that cannot be explained by simple band theory. 
Excitation of the phase transition can be achieved by tuning temperature, pressure, chemical 
doping, strain, external fields or light. Among these excitation schemes, ultrafast optical 
excitation not only offers a unique approach to understanding a phase transition arising from 
collective electronic and structural rearrangements in the time domain [4–6], but also provides a 
means to manipulate properties of materials across the phase transition at ultrafast time scales [7]. 
Vanadium dioxide (VO2) is an intensively studied example of a material which undergoes 
an MIT [1]. Although its transition mechanism has not been fully understood, it holds the 
promise of future MIT-based electronics, since its transition temperature is tunable in the vicinity 
of room temperature [8,9]. When the temperature of VO2 decreases across the transition 
temperature, a substantial electronic structure change [10,11] yields a reduction in the VO2 
conductivity by several orders of magnitude [12]. Correspondingly, the tetragonal lattice 
structure in space group P42/mnm is transformed to the monoclinic lattice structure in space 
group P21/c. The decrease of the structural symmetry is a result of dimerization of vanadium 
atoms that twist in pairs along the tetragonal c-axis [13]. The relationship between electronic and 
structural phase transitions has been at the heart of the debate regarding the phase transition 
mechanism in VO2. The phase transition can be a result of a complex interplay of strong 
electron-electron interactions representing Mott physics [14] and the structurally-driven phase 
transition representing Peierls instability [15], in which the changes of orbital occupation have 
also been  observed [16]. Using pump-probe techniques, the measurement of the time scales that 
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are associated with electronic and structural phase transitions shed light on the transition 
mechanism. The photoinduced phase transitions of VO2 were studied by optical [17–20] and 
terahertz  [21–25] probes, primarily sensitive to the electronic properties, and by electron [26] 
and x-ray diffraction  [27–29], directly measuring the lattice structure. These extensive works 
have been focused on the transition pathway from the insulating to metallic state. However, the 
dynamics of the reverse process, namely, the transition from metallic to insulating state that 
occurs over multiple time scales [30], is less explored.  
In this article, we have investigated the structural and electronic recovery dynamics of a 
photoexcited ultrathin VO2 film using time-resolved x-ray and optical probes at ns time scales, 
with an emphasis on the structural aspect of the recovery and its correlation with the electronic 
recovery process. Depending on the optical fluence, we find that the structural recovery can 
deviate from a thermal cooling pathway. At high pump fluence, a non-thermally induced 
transient structural state was identified through a measurement of the film temperature at 
ultrafast time scales. This transient structural state was decoupled from the MIT and recovered 
faster than the thermally allowed rate, corresponding to a relaxation of a photoinduced bond-
softening state. The subsequent recovery at longer times was connected to thermal transport from 
the film to the substrate. We incorporated the change of thermal properties, including specific 
heat and thermal conductance of VO2 during the phase transition, into a thermal transport model 
that reproduced the observed recovery dynamics. Understanding the thermal recovery process of 
VO2 has been increasingly important since the voltage-induced phase transition in VO2 in a two-
terminal device geometry has been shown to be largely due to Joule heating [31]. 
From an application point of view, the ability to control the reversible switching between 
metallic and insulating states is crucial to the potential applications of VO2 in ultrafast electronic 
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devices and future information processing hardware [7]. Although the phase transition from the 
insulating to metallic state can be triggered by various stimuli, there is yet no active method to 
switch VO2 from the metallic phase back to the insulating phase at ultrafast time scales. An 
ultrathin VO2 film grown by molecular beam epitaxy provides an ideal system to allow fast 
cooling of the film due to efficient heat transfer from its crystalline layer through the interface to 
the substrate, leading to ns switching of VO2 from the metallic to insulating state. Utilizing the 
ultrafast excitation and relaxation, we demonstrate a simple, effective method to allow fast 
switching between the excited metallic state and the insulating ground state up to GHz rates.  
 
II. Experiments and results 
a. Sample preparation and characterization of VO2 thin films at thermal 
equilibrium 
A 13-nm thick VO2 film was grown on (100) TiO2 substrates using reactive molecular 
beam epitaxy [32,33]. Electron transport measurements showed that the resistivity of the film 
was reduced by four orders of magnitude when the film temperature increased across the 
transition temperature, to accompany the structural phase transition shown schematically in Fig.1.  
The lattice structure of VO2 at thermal equilibrium was characterized by diffraction using 
10 keV x-rays at the Advanced Photon Source (APS). The Bragg peaks were indexed according 
to the tetragonal lattice. A reciprocal space map around the 211 Bragg peak showed the VO2 film 
was not commensurate with the substrate, due to large in-plane lattice mismatch of 3.6% along 
the tetragonal c-axis. The structural changes across the MIT at thermal equilibrium were 
monitored by measuring the 400 (monoclinic 040) Bragg peak of the VO2 film [Fig. 2(a)], 
sensitive to the out-of-plane lattice parameter. The Bragg peak position and intensity were 
6 
 
extracted and plotted as a function of temperature [black curves in Fig. 2(c)]. Below the phase 
transition temperature, the VO2 lattice exhibited a monoclinic structure with an out-of-plane 
lattice parameter of 4.527 Å. When the film temperature was elevated across the transition 
temperature, the VO2 film underwent the monoclinic-to-tetragonal structural phase transition 
where the tilted dimers of vanadium atoms along the c-axis straightened to form a tetragonal 
lattice structure [13,34]. As a result of the structural phase transition, the measured out-of-plane 
lattice parameter increased to 4.539 Å, corresponding to a 0.1°shift of the 400 Bragg peak to 
lower angle. The Bragg peak intensity also varied as a function of temperature. It decreased to 
the lowest value at 342 K, accompanied by a broadening of the Bragg peak, indicating 
disordering of the (100) lattice planes during the de-dimerization of the vanadium atoms. The 
loss of the diffraction intensity is associated with the increase in the number of phase boundaries 
as seen by microscopic probes [35,36], and possibly an intermediate structural state such as the 
M2 phase [37] and monoclinic metallic state [18]. Above the transition temperature, the 
diffracted intensity increased to a higher value compared to that of the monoclinic phase, 
consistent with higher symmetry of the tetragonal lattice structure.  
In comparing these results to the electrical transport measurements, we find the reduction 
of the film resistivity occurs in the same temperature range as the changes of the Bragg peak 
position, while the variation of the intensity of the Bragg peak spans a wider temperature range. 
Therefore, the electronic properties are highly correlated with the lattice structure but not 
sensitive to the ordering of the lattice. 
b. Time-resolved x-ray diffraction measurement 
To study the structural recovery dynamics of a photoexcited VO2 film, we measured the 
out-of-plane lattice parameter after photoexcitation by time-resolved x-ray diffraction at the 7ID-
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C station of the APS [38]. An 800 nm, 60 fs, laser pulse from a Ti:sapphire laser system at a 
repetition rate of 1 kHz was focused to a 1-mm full-width half-maximum (FWHM) spot on the 
VO2/TiO2 sample mounted on a temperature-controlled stage. We report the magnitude of the 
laser excitation in terms of the incident fluence. Since the absorption depth of 800-nm light of 
VO2 is about 100 nm [27,39], the 13-nm thick VO2 film was uniformly excited. The homogenous 
excitation circumvented any complications arising from the phase front propagating along the 
laser penetration direction. A 100-ps x-ray pulse was monochromatized to 10 keV from the 
storage ring and focused to a 50 µm FWHM spot, coincident with the optical pump pulse on the 
sample. The optical pulse was electronically synchronized to the x-ray pulse with adjustable 
delay.  
c. Calibration of the film temperature at 100 ps after optical excitation 
In order to understand the recovery dynamics, it is crucial to identify the initial 
photoexcited state. Upon photoexcitation, the VO2 film undergoes a photoinduced phase 
transition in the first several hundred fs, followed by electron-phonon interactions in which a 
thermally activated phase transition occurs in ps time scales [26,27]. The complete 
transformation of the excited VO2 from the insulating to metallic phase can take a hundred ps as 
a result of the dynamical growth and percolation of the metallic domains [22]. Therefore, the 
photoinduced effect beyond 100 ps mainly increases the film temperature. We thus use the film 
temperature to characterize the initial state of the VO2 film before its recovery, with exceptions at 
high pump fluences.  Here, we describe a procedure of measuring the film temperature at 100 ps 
after photoexcitation.  
We first recorded the 400 Bragg peaks of the VO2 film as a function of pump fluence at a 
fixed time delay of 100 ps between the optical pump and x-ray probe pulses [Fig. 2(b)]. We then 
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compared the Bragg peaks as a result of the photoexcitation to the Bragg peaks at various film 
temperatures. If the photoexcited and thermally excited Bragg peak positions and intensities 
matched, the film 100 ps after photoexcitation was designated by the temperature of the 
corresponding thermally excited film [Fig. 2(c)]. Therefore, the film temperature 100 ps after 
excitation in the fluence range of 7 to 14.7 mJ/cm2 can be accurately calibrated due to the well-
matched characteristics of the Bragg peaks. For example, the film temperature at 100 ps after 
photoexcitation was estimated to be 338 K with the pump fluence of 10 mJ/cm2 as shown in Fig. 
2(c). Beyond 14.7 mJ/cm2, the Bragg peaks of optically and thermally excited VO2 did not match. 
But the film temperature still can be estimated after correcting for the change of optical 
reflectivity and heat capacity across the phase transition. Since no further structural phase 
transition occurs in tetragonal VO2, the change of the film temperature ΔT in this phase increases 
linearly with the absorbed heat ∆Q as ∆ܶ ൌ ∆ܳ/ܿ௣݉, where ܿ௣ is the specific heat and m is the 
mass of the excited VO2 film. The temperature of the film increases more in the tetragonal phase 
than during the phase transition for the same increase of pump fluence since part of the absorbed 
energy was supplied as the latent heat during the phase transition.  For a fluence higher than 14.7 
mJ/cm2, the temperature of the film after photoexcitation can be corrected by a scale of ܥூெ/
ܥ்=2.43, where ܥூெ is the heat capacity of the film during the transition as calculated in Sec. III 
and ܥ்  is the heat capacity in the tetragonal phase listed in Table 1. Similar rescaling with the 
heat capacity in the monoclinic phase can be applied to the fluence range below 7 mJ/cm2. 
Therefore, the film temperature was calibrated at 100 ps after photoexcitation for a given optical 
pump fluence.  
When the pump fluence was higher than 14.7 mJ/cm2, the lattice response started to deviate 
from the thermally induced changes by prominent effects on Bragg peak position and intensity 
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[Fig.2 (b), (c)]. The Bragg peak moved to an even lower angle and the diffraction intensity was 
smaller than that of the tetragonal phase. Based on the fluence-temperature calibration, the film 
temperature is 552 K at 100 ps when pumped by a fluence of 29 mJ/cm2. This corresponds to an 
additional 0.1% expansion of the out-of-plane lattice of tetragonal VO2 using a thermal 
expansion coefficient of ߙ ൌ 4.87 ൈ 10ି଺ K-1 [40]. Correspondingly, the Bragg peak position 
would be further moved to lower angle by 0.034°, which is well under the observed 0.08° shift. 
The upper bound of the film temperature is calculated to be 669 K, under the assumption that all 
absorbed optical energy is converted to heat. This is higher than the calibrated temperature of 
552 K due to possible energy relaxation pathways which do not heat the film, such as 
photoluminescence [41]. Even at 669 K, the expected thermal expansion is still smaller than 
observed lattice expansion. In addition, because the VO2 lattice was incommensurate with the 
substrate, in-plane stress is not a major contribution to out-of-plane strain. Thus, we can exclude 
the Poisson’s effect as a significant source of lattice expansion, although it may play a role in 
commensurate films [42]. The diffraction intensity of the Bragg peak excited by high fluence 
laser pulses was reduced lower than that could be expected from the Debye-Waller effect as a 
result of increased temperature. Based on these experimental evidence, the film at 100 ps after 
high fluence photoexcitation corresponds to a new thermally inaccessible structural state. This 
structural state exhibited distinct recovery pathway rather than thermal cooling as discussed in 
the following section.  
d. The recovery dynamics of photoexcited VO2 thin film 
To study the structural recovery dynamics, we monitored the 400 Bragg reflections of the 
VO2 film at various time delays after laser excitation. The peak positions and intensities were 
extracted and plotted as a function of the delay in Fig. 3(a) and (b) respectively. The recovery 
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dynamics of the Bragg peak was highly dependent on the pump fluence, similar to the 
observation of the electronic recovery of photoexcited VO2  [30]. At pump fluence lower than 
14.7 mJ/cm2, photoexcitation was not sufficient to completely transform the film from the 
monoclinic phase to tetragonal phase. For example, at a fluence of 11.7 mJ/cm2, the VO2 film 
was excited to an intermediate state as marked by the blue star in Fig. 2(c) and recovered 
following the temperature-dependent thermal pathway. The position of the Bragg peak recovered 
in 2 ns while the intensity recovered in 10 ns to the 1/e values [Fig. 3(a)(b)]. At fluences higher 
than 14.7 mJ/cm2, the Bragg peak shifted to a lower angle beyond the position of the Bragg peak 
of the tetragonal lattice, consistent with a new structural state as seen in the high-fluence regime 
in Fig. 2(c). For example, at a fluence of 29 mJ/cm2, the out-of-plane expansion of the lattice 
reverted to the lattice parameter of the tetragonal phase with a time constant of 700 ps, which is 
faster than the expected thermal recovery time. The Bragg peak position remained constant until 
the film temperature cooled to the transition temperature. Subsequently, the film recovered to the 
monoclinic phase with a characteristic time of several to tens of ns as a result of a thermal 
transport process discussed in Sec.III. The diffraction intensity decreased within 100 ps and then 
sharply increased to higher intensity, followed by a slow recovery in tens of ns. The initial 
reduction of the diffraction intensity within 100 ps indicates the out-of-plane lattice disorder, 
consistent with a recent report [43].  
To further investigate this new transient state, we repeated the time-resolved diffraction at 
the elevated film temperature of 375 K, where the VO2 film was already in the tetragonal phase. 
At a fluence of 15.2 mJ/cm2, the position of the Bragg reflection decreased upon photoexcitation 
beyond the tetragonal position and recovered at the same time constant of 700 ps as the fast 
recovery of photoexcited monoclinic VO2 excited by a fluence of 29 mJ/cm2 [Fig. 3(d)]. The 
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agreement of these two recovery time scales suggests that the 700-ps recovery in photoexcited 
monoclinic VO2 shares the same origin as the structural change in photoexcited rutile VO2. The 
photoexcitation of monoclinic VO2 by a fluence higher than the saturation fluence can be 
understood as a two-step process. The first step is the photoinduced phase transition that 
consumes the incident optical energy 14.7 mJ/cm2, i.e., the fluence which completely 
transformed the film to the tetragonal phase at 100 ps. The excessive incident optical energy 
higher than 14.7 mJ/cm2 is responsible to excite VO2 film from the tetragonal phase to a new 
structural state with a larger out-of-plane lattice parameter. Since the recovery time is 
independent of electronic properties of VO2 before the excitation, this transient structural state 
may not be related to the electronic phase transition, as supported by the electronic recovery 
dynamics discussed as follows. 
To study the electronic recovery of the VO2 films, we performed transient optical 
absorption measurements at the Center for Nanoscale Materials, Argonne National Laboratory. 
After excited by a 40-fs, 800-nm pulse, VO2 film was probed by a chirped 1 ps infrared 
broadband pulse in the wavelength range from 850 to 1600 nm with time delays up to 7.2 ns. The 
transmission broadly reduced across the probe spectrum with the maximum change around 1450 
nm as a result of the change of the film conductivity. Since the change of induced absorption did 
not depend on the probe wavelength, the time-dependent absorption at 1450 nm was used to 
measure the change of the optical conductivity of the film as a function of delay. Comparing with 
the structural dynamics, we found that the time scales for recovery of the transmission largely 
agreed with the recovery of the Bragg peak position (Fig. 4) but did not match the recovery of 
the Bragg peak intensity, supporting the hypothesis that the electronic phase transition is 
sensitively related to the lattice structure but not the disorder of the lattice. More importantly, we 
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note the transient structural state that recovers in 700 ps was not observed in the recovery of the 
induced absorption. Therefore, the new structural state observed at high pump fluence was not 
accompanied by a change in the electronic properties and independent of the photoinduced MIT.  
Although the experimental evidence supports this new transient structural state at 100 ps is 
non-thermally excited by an intense optical pulse, the excitation mechanism still needs to be 
understood. High carrier concentrations upon intense optical excitation can alter the potential 
energy surface of the lattice and reduce Bragg peak intensity in photoexcited bismuth [44]. 
Similarly, highly excited VO2 also shows the diffraction intensity reduction larger than thermally 
expected values at ps time scales [43]. The time scale from several ps to ns is a cross-over region 
where the direct electronic contribution to the lattice change gives way to thermal effects. Our 
work provides the evidence that the lattice change at 100 ps, in the cross-over time scale, may 
not only arise from the temperature increase of the film but also be related to electronic 
contributions such as bond softening due to deformation of potential surface of the lattice upon 
intense photoexcitation [44]. Further experiments and theory are needed to understand the nature 
of this new transient structural state of VO2. 
       
III. Thermal transport model and simulation 
To quantitatively understand the recovery dynamics, we simulated the change of the 
Bragg reflection as a function of time by solving a one-dimensional thermal diffusion equation 
for a heterostructure [45].  The heat transport after the initial excitation can be described by 
ୢTሺ୲,୸ሻ
ୢ୲ ൌ ൬
ச
C౦஡൰
ୢమTሺ୲,୸ሻ
ୢ୸మ      (1) 
where T is the temperature profile as a function of time t and depth z from the VO2-air interface 
into the sample. The boundary conditions at the interface are described by  
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C୮ρ ୢTሺ୲,୸ሻୢ୲ ൌ െg
ୢTሺ୲,୸ሻ
ୢ୸ |୸ୀD, 
ୢTሺ୲,୸ሻ
ୢ୸ |୸ୀ଴ ൌ 0,    (2) 
and the initial condition is  
Tሺ0 ൏ ݖ ൏ ܦ, ݐ ൌ 0ሻ ൌ T଴ expሺെαzሻ.    (3) 
Here, T଴ is the initial surface temperature, α,  g, ܦ, C୮, ρ , and κ are material parameters listed in 
Table 1. The average film temperature at any instant is given by Tሺtሻ ൌ ଵD ׬ Tሺt, zሻdz
D
଴ . 
Transverse heat transfer can be ignored because the excitation area is much larger than the area 
probed by the x-ray beam. The thermal transport between air and sample is negligible at ns time 
scales. During the first-order phase transition, the heat capacity has a higher value due to the 
absorption of latent heat [12]. We approximated the empirical heat capacity during the phase 
transition by ܥூெ ൌ ሺܥெ ൅ ܥ்ሻ/2 ൅ ܮ/ΔT, where ܥெ and ܥ் are the heat capacity of monoclinic 
and tetragonal VO2 respectively. L is the latent heat and ΔT= ሺ ଶܶ െ ଵܶሻ is the temperature range 
where the structural transition starts to occur at the temperature of  ଵܶ and completes at ଶܶ as 
displayed in Fig. 2(c). 
Using the parameters of the VO2 film and TiO2 substrate listed in Table 1, we calculated 
the temperature of the VO2 film as a function of time based on the initial temperature calibrated 
in Fig.2(c) and display the results in the insets of Fig. 5. Although the heat transfer was mainly 
determined by the thermal properties of the film and the substrate, the characteristic time of the 
thermal recovery across the transition was highly dependent on the incident fluence. The increase 
of the pump fluence yielded higher initial temperature after photoexcitation and higher base 
temperature before photoexcitation. These two effects can significantly change the cooling rate 
across the phase transition. For example, at the pump fluence of 14.3 mJ/cm2, the initial 
temperature of the film after photoexcitation was derived based on Fig. 2(c) to be 359 K. Since 
the substrate remains unheated when the phase transition occurs, the large temperature difference 
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between the film and substrate produces a fast change of the film temperature and fast recovery 
across the phase transition [Fig. 5(a), inset]. At the pump fluence of 29 mJ/cm2, the initial 
temperature of the film was driven to 552 K. As the film cooled down to the transition 
temperature, heating of the near-interface substrate reduced the temperature difference between 
the film and the substrate thus lowering the cooling rate. As a result, the temperature decreased 
more slowly across the phase transition [Fig. 5(b), inset].  
Once the film temperature as a function of time is obtained, we can simulate the temporal 
change of the Bragg peak after photoexcitation. For any given time, the corresponding Bragg 
peak position and intensity can be retrieved from Fig. 2(c) after correcting for hysteresis during 
the cooling of the film. At a pump fluence of 14.3 mJ/cm2, the simulated results agree with the 
measurement well [Fig. 5(a)]. At a pump fluence of 29 mJ/cm2, the thermal model predicts most 
of the observed features except for the large initial (<1ns) shift of the Bragg peak to lower angle 
beyond the tetragonal phase [Fig. 5(b)]. This confirms that the non-thermally induced transient 
structural state as observed at high pump fluence follows a fast relaxation of possible 
photoinduced lattice softening rather than a thermal cooling pathway.   
This one-dimensional thermal transport model successfully predicts the time-dependent 
thermal recovery pathways and the strong dependence of the recovery process on the pump 
fluence. It provides a framework to the thermal transport modeling of devices based on 
photoexcited VO2 films.  
 
IV. Conclusion and discussion 
We have studied the structural and electronic recovery dynamics of an ultrathin VO2 film 
after photoexcitation on ns time scales. The VO2 thin film can be excited to a selected structural 
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state by optical pulses. At high pump fluences, we observed a new transient structural state with 
a larger lattice parameter than that of the tetragonal phase, which neither is thermally excited nor 
follows a thermally predicted pathway and is decoupled from the metal-to-insulator phase 
transition. The subsequent recovery from the tetragonal metallic phase to the monoclinic 
insulating phase is mainly thermally driven and can be controlled by the pump fluence. The 
control mechanism is understood as a result of the different cooling rates across the transition, as 
predicted by a thermal transport model that explains the fluence-dependent recovery pathways of 
photoexcited VO2. The understanding of the recovery dynamics suggests the reversible switching 
of VO2 films between the metallic and insulating phases may achieve higher rates by using 
thinner film and optimizing interfacial thermal transport in a VO2 heterostructure.   
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Figure Caption: 
Fig. 1 The resistivity of the VO2 film as a function of temperature. The inset shows the 
monoclinic and tetragonal lattice structures of VO2.  
 
Fig. 2 a) Representative 400 Bragg peaks at various temperatures. “M” and “T” mark the peak 
position of monoclinic and tetragonal lattice structures of VO2. b) Representative 400 Bragg 
peaks at 100 ps after 800nm optical excitation at various pump fluences. The counting statistics 
is worse than that in a) because the data-collection rate is significantly reduced to match the 
repetition rate of the pump laser. c) The change of 400 Bragg peak position (square) and intensity 
(circle) as a function of the film temperature (black) or pump fluence (red) at 100 ps after 
photoexcitation. The stars represent the initial states after photoexcitation at specific fluences, 
with corresponding arrows showing the recovery pathways of the Bragg peak (see text). The 
solid vertical lines indicate the threshold and saturation fluences of the structural phase transition 
with the corresponding temperature T1 and T2, which divide the plot into three regions. The light 
blue region indicates the monoclinic structure phase. The white region indicates the fluence or 
temperature range where the phase transition occurs. The light yellow region indicates the 
fluence range where non-thermal effects are prominent upon photoexcitation. The dashed lines 
show the projected thermal recovery pathways. 
 
Fig. 3 a) The change of 400 Bragg peak position as a function of the pump-probe delay at various 
fluences. The dashed lines indicate the Bragg peak position of monoclinic and tetragonal VO2.  b) 
The change of 400 Bragg peak intensity as a function of the pump-probe delay at various 
fluences. c) The change of 400 Bragg peak position as a function of the pump-probe delay at the 
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base sample temperature below (313 K, triangles) and above (375 K, diamonds) the transition 
temperature. 
 
Fig. 4 The change of lattice parameter (symbols/dashed lines) measured by ultrafast x-ray 
diffraction and the induced absorption (OD: optical density) at 1450 nm (thick lines) measured 
by ultrafast transition absorption spectroscopy as a function of the delay. 
 
Fig. 5 The change of 400 Bragg peak position and integrated intensity (circles) as a function of 
the pump-probe delay, compared with a thermal transport model (solid lines) at pump fluences of 
(a) 14.3 mJ/cm2 and (b) 29 mJ/cm2. The insets show the calculated film temperature as a function 
of time. The dashed lines indicate the temperature range where the transition occurs.  
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Figure 1, Wen et. al.  
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Figure 2, Wen, et. al.  
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Figure 3, Wen, et. al.  
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Figure 4, Wen, et. al.  
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Figure 5, Wen, et. al.  
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Table 1: Parameters of VO2 and TiO2 
VO2 absorption coefficient for 800nm light  ߙ  [39] 0.01 nm-1  
VO2 film thickness D a 13 nm 
VO2 density ρ1 b Monoclinic: 4.57 g/cm3  
Tetragonal: 4.65 g/cm3  
TiO2 density ρ2  b 4.25 g/cm3  
VO2 thermal expansion coefficient α [40] 4.87×10-6/K  
VO2 thermal conductivity ߢ1  [44] Monoclinic 3.5 W/(m·K) 
Tetragonal: 6 W/(m·K)    
TiO2 thermal conductivity ߢ2   [47] 8 W/(m·K)  
Kaptiza (interfacial) conductance ݃ c 3300 W/(K·cm2)  
VO2 heat capacity ܥ1݌   [12] Monoclinic: 0.656 J/(g·K) 
Tetragonal: 0.78 J/(g·K)  
TiO2 heat capacity ܥ2݌  at 300 K  [48] 0.686 J/(g·K)  
VO2 latent heat L [12] 51.8J/g  
The lower bound of the phase transition temperature T1 a 322 K 
The upper bound of the phase transition temperature T2 a 366 K 
 
a Measured value;  b Calculated value based on atomic mass and unit cell volume; c Fitting result. 
 
 
 
 
 
 
 
 
 
 
24 
 
Reference: 
[1]  M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998). 
[2]  V. Dobrosavljevic, Conductor-Insulator Quantum Phase Transitions (Oxford Scholarship 
online, 2012). 
[3]  D. Basov, R. Averitt, D. van der Marel, M. Dressel, and K. Haule, Rev. Mod. Phys. 83, 
471 (2011). 
[4]  K. Nasu, Photoinduced Phase Transitions (World Scientific, 2004). 
[5]  M. Rini, R. Tobey, N. Dean, J. Itatani, Y. Tomioka, Y. Tokura, R. W. Schoenlein, and A. 
Cavalleri, Nature 449, 72 (2007). 
[6]  H. Ichikawa, S. Nozawa, T. Sato, A. Tomita, K. Ichiyanagi, M. Chollet, L. Guerin, N. 
Dean, A. Cavalleri, S. Adachi, T. Arima, H. Sawa, Y. Ogimoto, M. Nakamura, R. Tamaki, 
K. Miyano, and S. Koshihara, Nat. Mater. 10, 101 (2011). 
[7]  Z. Yang, C. Ko, and S. Ramanathan, Annu. Rev. Mater. Res. 41, 8.1 (2011). 
[8]  Y. Muraoka and Z. Hiroi, Appl. Phys. Lett. 80, 583 (2002). 
[9]  K. Nagashima, T. Yanagida, H. Tanaka, and T. Kawai, Phys. Rev. B 74, 172106 (2006). 
[10]  M. Abbate, F. M. F. De Groot, J. C. Fuggle, Y. J. Ma, C. T. Chen, F. Sette, A. Fujimori, Y. 
Ueda, and K. Kosuge, Phys. Rev. B 43, 7263 (1991). 
[11]  T. C. Koethe, Z. Hu, M. W. Haverkort, C. Schüßler-Langeheine, F. Venturini, N. B. 
Brookes, O. Tjernberg, W. Reichelt, H. H. Hsieh, H.-J. Lin, C. T. Chen, and L. H. Tjeng, 
Phys. Rev. Lett. 97, 116402 (2006). 
[12]  C. N. Berglund and H. J. Guggenheim, Phys. Rev. 185, 1022 (1969). 
[13]  T. Yao, X. Zhang, Z. Sun, S. Liu, Y. Huang, Y. Xie, C. Wu, X. Yuan, W. Zhang, Z. Wu, G. 
Pan, F. Hu, L. Wu, Q. Liu, and S. Wei, Phys. Rev. Lett. 105, 226405 (2010). 
25 
 
[14]  A. Zylbersztejn and N. F. Mott, Phys. Rev. B 11, 4383 (1975). 
[15]  R. M. Wentzcovitch, W. W. Schulz, and P. B. Allen, Phys. Rev. Lett. 72, 3389 (1994). 
[16]  M. W. Haverkort, Z. Hu, A. Tanaka, W. Reichelt, S. V. Streltsov, M. A. Korotin, V. I. 
Anisimov, H. H. Hsieh, H.-J. Lin, C. T. Chen, D. I. Khomskii, and L. H. Tjeng, Phys. Rev. 
Lett. 95, 196404 (2005). 
[17]  M. F. Becker, A. B. Buckman, R. M. Walser, T. Lépine, P. Georges, and A. Brun, Appl. 
Phys. Lett. 65, 1507 (1994). 
[18]  H.-T. Kim, Y. W. Lee, B.-J. Kim, B.-G. Chae, S. J. Yun, K.-Y. Kang, K.-J. Han, K.-J. Yee, 
and Y.-S. Lim, Phys. Rev. Lett. 97, 266401 (2006). 
[19]  M. Rini, Z. Hao, R. W. Schoenlein, C. Giannetti, F. Parmigiani, S. Fourmaux, J. C. Kieffer, 
A. Fujimori, M. Onoda, S. Wall, and A. Cavalleri, Appl. Phys. Lett. 92, 181904 (2008). 
[20]  S. Wall, D. Wegkamp, L. Foglia, K. Appavoo, J. Nag, R. F. Haglund, J. Stähler, and M. 
Wolf, Nat. Comm. 3, 721 (2012). 
[21]  C. Kübler, H. Ehrke, R. Huber, R. Lopez, A. Halabica, R. Haglund, and A. Leitenstorfer, 
Phys. Rev. Lett. 99, 116401 (2007). 
[22]  D. Hilton, R. Prasankumar, S. Fourmaux, A. Cavalleri, D. Brassard, M. El Khakani, J. 
Kieffer, A. Taylor, and R. Averitt, Phys. Rev. Lett. 99, 226401 (2007). 
[23]  A. Pashkin, C. Kübler, H. Ehrke, R. Lopez, A. Halabica, R. Haglund, R. Huber, and A. 
Leitenstorfer, Phys. Rev. B 83, 195120 (2011). 
[24]  T. Cocker, L. Titova, S. Fourmaux, G. Holloway, H.-C. Bandulet, D. Brassard, J.-C. 
Kieffer, M. El Khakani, and F. Hegmann, Phys. Rev. B 85, 155120 (2012). 
[25]  E. Abreu, M. Liu, J. Lu, K. G. West, S. Kittiwatanakul, W. Yin, S. A. Wolf, and R. D. 
Averitt, New J. Phys. 14, 083026 (2012). 
26 
 
[26]  P. Baum, D.-S. Yang, and A. H. Zewail, Science 318, 788 (2007). 
[27]  A. Cavalleri, C. Tóth, C. Siders, J. Squier, F. Ráksi, P. Forget, and J. Kieffer, Phys. Rev. 
Lett. 87, 237401 (2001). 
[28]  A. Cavalleri, M. Rini, H. Chong, S. Fourmaux, T. Glover, P. Heimann, J. Kieffer, and R. 
Schoenlein, Phys. Rev. Lett. 95, 067405 (2005). 
[29]  M. Hada, K. Okimura, and J. Matsuo, Phys. Rev. B 82, 153401 (2010). 
[30]  S. Lysenko, A. Rúa, V. Vikhnin, F. Fernández, and H. Liu, Phys. Rev. B 76, 035104 
(2007). 
[31]  A. Zimmers, L. Aigouy, M. Sharoni, S. Wang, K. G. West, J. G. Ramirez, and I. K. 
Schuller, Phys. Rev. Lett. 110, 056601 (2013). 
[32]  J. W. Tashman et al., Unpublished. 
[33]  N. Quackenbush, J. Tashman, J. Mundy, S. Sallis, H. Paik, R. Misra, J. Moyer, J. Guo, D. 
A. Fischer, J. Woicik, D. Muller, D. G. Schlom, and L. F. J. Piper, Nano Lett. DOI: 
10.1021/nl402716d (2013). 
[34]  M. Marezio, D. McWhan, J. Remeika, and P. Dernier, Phys. Rev. B 5, 2541 (1972). 
[35]  M. M. Qazilbash, M. Brehm, B.-G. Chae, P.-C. Ho, G. O. Andreev, B.-J. Kim, S. J. Yun, A. 
V. Balatsky, M. B. Maple, F. Keilmann, H.-T. Kim, and D. N. Basov, Science 318, 1750 
(2007). 
[36]  M. Qazilbash, A. Tripathi, A. Schafgans, B.-J. Kim, H.-T. Kim, Z. Cai, M. Holt, J. Maser, 
F. Keilmann, O. Shpyrko, and D. Basov, Phys. Rev. B 83, 165108 (2011). 
[37]  K. Okimura, J. Sakai, and S. Ramanathan, J. Appl. Phys. 107, 063503 (2010). 
[38]  E. M. Dufresne, B. Adams, D. A. Arms, M. Chollet, E. C. Landahl, Y. Li, D. A. Walko, 
and J. Wang, AIP Conference Proceedings of SRI2009 CP1234, 181 (2010). 
27 
 
[39]  H. W. Verleur, Phys. Rev. 172, 788 (1968). 
[40]  D. Kucharczyk and T. Niklewski, J. Appl. Crystal. 12, 370 (1979). 
[41]  A. Maruani, P. Merenda, and M. Voos, Solid State Communications 17, 1485 (1975). 
[42]  H. Wen, P. Chen, M. P. Cosgriff, D. A. Walko, J. H. Lee, C. Adamo, R. D. Schaller, J. F. 
Ihlefeld, E. M. Dufresne, D. G. Schlom, P. G. Evans, J. W. Freeland, and Y. Li, Phys. Rev. 
Lett. 110, 037601 (2013). 
[43]  M. Hada, K. Okimura, and J. Matsuo, Appl. Phys. Lett. 99, 051903 (2011). 
[44]  D. M. Fritz, D. A. Reis, B. Adams, R. A. Akre, J. Arthur, C. Blome, P. H. Bucksbaum, A. 
L. Cavalieri, S. Engemann, S. Fahy, R. W. Falcone, P. H. Fuoss, K. J. Gaffney, M. J. 
George, J. Hajdu, M. P. Hertlein, P. B. Hillyard, M. Horn-von Hoegen, M. Kammler, J. 
Kaspar, R. Kienberger, P. Krejcik, S. H. Lee, A. M. Lindenberg, B. McFarland, D. Meyer, 
T. Montagne, E. D. Murray, A. J. Nelson, M. Nicoul, R. Pahl, J. Rudati, H. Schlarb, D. P. 
Siddons, K. Sokolowski-Tinten, Th. Tschentscher, D. von der Linde, and J. B. Hastings, 
Science 315, 633 (2007). 
[45]  D. A. Walko, Y. M. Sheu, M. Trigo, and D. A. Reis, J. Appl. Phys. 110, 102203 (2011). 
[46]  D.-W. Oh, C. Ko, S. Ramanathan, and D. G. Cahill, Appl. Phys. Lett. 96, 151906 (2010). 
[47]  W. R. Thurber and A. J. H. Mante, Phys. Rev. 139, A1655 (1965). 
[48]  D. de Ligny, P. Richet, E. F. Westrum Jr, and J. Roux, Phys. Chem. Minerals 29, 267 
(2002). 
 
